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INTRODUCTION 

Coal reserves  a r e  v a s t  and the re fo re  w i l l  play an ever - increas ing  r o l e  i n  supplying 
our growing energy demands. However, because of pred ic ted  shortages of l i q u i d  and 
gaseous fue l s  and because of environmental cons ide ra t ions ,  fu tu re  u t i l i z a t i o n  w i l l  
include the  development of processes to  desu l fu r i ze  coa l  a s  well as t o  convert  i t  
t o  l i qu id  and gaseous f u e l s  t h a t  would a l s o  be desu l fu r i zed .  

Thus, processes such as pyro lys i s ,  desu l fu r i za t ion ,  g a s i f i c a t i o n ,  hydrogas i f ica t ion ,  
carboniza t ion ,  a s  well a s  fluid-bed combustion, a r e  being developed t o  allow coa l  
t o  broaden i t s  r o l e  i n  s a t i s f y i n g  fu tu re  energy and chemical demands. These pro- 
cesses have a t  l e a s t  t w o  f ea tu re s  in common: F i r s t ,  they will l i k e l y  u t i l i z e  char ,  
derived from c o a l ,  as a feed or a cons t i t uen t  i n  some r e a c t o r  zone. Second, a s  a 
co ro l l a ry  of the  p a r t i c u l a t e  na ture  of cha r ,  the  processes can use fluidized-bed 
r e a c t o r s  t o  take advantage of t h e  improved hea t  and mass t r a n s f e r s ,  e a s i e r  flow 
ope ra t ions ,  good mixing, and ease of c o n t r o l .  The des ign  of r eac to r  systems t o  
c a r r y  out the above processes  the re fo re  r equ i r e s  knowledge of the  f l u i d i z a t i o n  
p rope r t i e s  of coa l  c h a r s ,  as well  as knowledge of r e a c t i o n  thermodynamics and 
k i n e t i c s .  

This study wan made t o  provide t h e  necessary f l u i d i z a t i o n  da ta  f o r  t h e  design of 
f h i d - b e d  hydrogas i f ie rs  of both labora tory  and commercial s ca l e .  
summerization of f l u i d i z a t i o n  da ta  f o r  var ious  ma te r i a l s  appears i n  the  l i t e r a t u r e  .l  
Additional da ta  on chars  are a l s o  a ~ a i l a b l e . ~ ~ ~  
f l u i d i z i n g  i s  so d i f f e r e n t  t h a t  use of t he  published da ta  is precluded. 
r e l a t i o n s  presented here  should a l low extens ion  of d a t a  t o  the design of any o ther  
f lu id-bed  reac tor  system us ing  coa l  chars  t h a t  have the  same phys ica l  c h a r a c t e r i s t i c s .  
Apparently, no un ive r sa l  c o r r e l a t i o n  has been developed t o  account pe r fec t ly  f o r  a l l  
t h e  physical parameters involved i n  f l u i d i z a t i o n ;  thus ,  no s ing le  c o r r e l a t i o n  now 
e x i s t s  t h a t  s u i t s  a l l  p a r t i c u l a t e  ma te r i a l s  regard less  of c o n s t i t u t i o n  or espec ia l ly  
p a r t i c l e  shape. Separa te  c o r r e l a t i o n s  s t i l l  appear t o  be needed f o r  widely varied 
m a t e r i a l s ,  a s  will be demonstrated here .  
ments was produced by r a p i d  hydrogas i f ica t ion  of raw h igh -vo la t i l e  bituminous coal 
i n  a " f r ee - f a l l "  r e a c t o r .  In our ove ra l l  process concept t o  produce p ipe l ine  gas 
from c o a l ,  t h i s  l i g h t l y  converted cha r  (25 t o  30 percent carbon conversion) w u l d  
f a l l  i n t o  a fluid-bed r e a c t o r  f o r  add i t iona l  carbon conversion and f o r  the removal 
o f  s u f f i c i e n t  hydrogas i f i ca t ion  hea t  t o  maintain t h e  r eac t ion  temperature a t  1,600' 
t o  1,70O0 P. 
r e a c t o r  system is now being designed t o  add a fluid-bed r eac to r  below t h i s  d i l u t e  
phase t o  allow both an experimental  and an  engineering eva lua t ion  of the ove ra l l  
process thus in t eg ra t ed .  

An exce l l en t  

However, the cha r  ve will be 
The cor- 

The p a r t i c u l a r  char used i n  these  experi-  

The f r e e - f a l l  r e a c t o r  system has been analyzed4 and an in tegra ted  

EXPERIMENTAL 

Mate r i a l .  
bituminous coal and hot hydrogen:methane (1:l) mixture i n t o  the top  of a 5 f t  X 3 i n .  
i d  r eac to r  a t  1,000 ps ig  and 1,650' F. 
t h e  v o l a t i l e s ,  and p a r t i a l  hydrogas i f ica t ion  of char  a l l  occur.  
f a l l s  f r e e l y  in the  slowly down-flowing gas .  
i s  from 25 t o  30 percent .  

The char  used i n  t h i s  study wan produced by concurrent i n j e c t i o n  of raw 

Very rap id  d e v o l a t i l t z a t i o n ,  g a s i f i c a t i o n  of 

Carbon conversion in the  above reac tor  
h e  r e s u l t a n t  char 
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Apparatus.  The f l u i d i z a t i o n  s t u d i e s  were conducted a t  atmospheric p re s su re  wi th  
the  major i ty  of t he  tests i n  a p l ex ig l a s s  column of 3.69-inch i d .  
gas  was introduced a t  the  bottom of the  column through a porous s i n t e r e d  s t a i n l e s s  
s t e e l  d i s t r i b u t o r  p l a t e ,  1 /4  inch t h i c k  with an  average pore s i z e  of 5 microns.  
Thinner,  more porous d i s t r i b u t o r s  were avoided when found t o  induce more channeling 
i n  the  f l u i d  bed, e s p e c i a l l y  a t  the r e a c t o r  bottom. 
almost 3 f e e t  t o  a few inches with no apprec i ab le  change in f l u i d i z a t i o n  p r o p e r t i e s .  
Two experiments were made i n  a two-inch id  tube wi th  s ta t ic  he igh t s  o f  approximately 
f i v e  f e e t  t o  observe the  f l u i d i z a t i o n  behavior of t h i s  cha r  a t  cond i t ions  a n t i c i -  
pated f o r  a bench-scale f lu id ized-bed  char  hydrogas i f i e r .  Gas rates and pressure  
drops  were measured wi th  the  usual ro tameters  and manometers. 

The f l u i d i z i n g  

The bed depth  was va r i ed  from 

RESULTS 

A cha r  proper ty  important t o  f l u i d i z a t i o n  is t he  e f f e c t i v e  p a r t i c l e  Char P rope r t i e s .  
d e n s i t y .  Because of t h e  sudden hea t ing  i n  the d i lu t e -phase  h y d r o g a s i f i e r  a s  
desc r ibed  above, t h i s  cha r  has a very  l a rge  f r a c t i o n  of i n t e r n a l  vo id  space so t h a t  
t he  dens i ty  is much l e s s  than  t h a t  of the  feed  c o a l  o r  c h a r s  from s l o w  ca rbon iza t ion .  
A photomicrograph of a t yp ica l  cha r  p a r t i c l e  is shown i n  f i g u r e  1 t o  i l l u s t r a t e  t h e  
i n t e r n a l  s t r u c t u r e  of t h i s  c h a r .  

Because of the  v e s i c u l a r i t y  of t h i s  c h a r ,  t he  e f f e c t i v e  d e n s i t y , o f  the char  p a r t i c l e s  
i s  not  known d i r e c t l y ,  but can be c a l c u l a t e d  from bulk d e n s i t y  and gas- f low pressure  
drop  measurements made on packed beds accord ing  t o  the  procedure recommended by 
Leva5 us ing  Ergun's c o r r e l a t i o n s . 6  

As shown i n  f i g u r e  2 ,  the p a r t i c l e  d e n s i t i e s  measured i n  the  above manner f a l l  i n t o  
two c a t e g o r i e s ,  depending on t h e  p a r t i c l e  diameter. For  f i n e  p a r t i c l e s  where rp 
C.003 in., t he  e f f e c t i v e  p a r t i c l e  d e n s i t y  is about 26 l b / cu  f t  while f o r  t h e  coa r se r  
p a r t i c l e s  where x>.Ol in. ,  t he  particle d e n s i t y  is  about 16 lb / cu  f t .  For  .003 
C.01 t h e r e  seems eo be a t r a n s i t i o n a l  reg ion ,  a l though only  one d a t e  poin t  is 
inc luded  i n  t h i s  p a r t i c l e  s i z e  range. The most l i k e l y  exp lana t ion  o f  t h i s  behavior 
is t h a t  below a c e r t a i n  p a r t i c l e  d iameter ,  t h e  p a r t i c l e s  cannot be v e s i c u l a r  and 
t h e r e f o r e  mst have a h igher  e f f e c t i v e  s o l i d  d e n s i t y  than  l a r g e r  particles which can  
con ta in  many v e s i c u l e s .  This explana t ion  is c o n s i s t e n t  wi th  the microphotograph 
shown in f igu re  1 because the  approximate s i z e  range of t h e  v e s i c u l e s  i s  about equal 
t o  the  p a r t i c l e  diameter a t  which the  dens i ty  t r a n s i t i o n  occurs .  Therefore ,  because 
the  ves i cu le s  seem t o  have a l i m i t i n g  minimum s i z e ,  p a r t i c l e s  sma l l e r  than t h i s  
minimum s i z e  a r e  nonves icu lar .  Phys ica l  i n t e r p r e t a t i o n  of t h i s  e f f e c t  i s  poss ib l e .  
V o l a t i l e  matter evolved i n s i d e  small p a r t i c l e s  of  r a p i d l y  hea ted  c o a l  can escape 
without forming a ves i cu le  because of the  s h o r t e r  d i f f u s i o n a l  pa th ,  o r  because any 
"skin" of coa l  i n  i t s  p l a s t i c  phase is too  t h i n  and b u r s t s  before  a s i z a b l e  ves i cu le  
can  form. The l a r g e r  p a r t i c l e s  can have t h i c k e r ,  s t ronge r  p l a s t i c  l a y e r s  t o  conta in  
the  evolved v o l a t i l e  matter long enough t o  make v e s i c u l e s ,  and the  d i f f u s i o n a l  escape 
of gas  is, of course ,  more r e s t r a i n e d .  

dp 

The bulk dens i ty  dependence on mean p a r t i c l e  s i z e  is sho? in f i g u r e  3. 
p a r t i c l e  diameter is here  def ined ,  as recommended by Leva, by l_  C x  . The 

d i s c o n t i n u i t y  of  bulk d e n s i t y  ve r sus  s i ze  occurs  a t  the  same p a r t i c l e  d iameter  as 
was observed f o r  the  d i s c o n t i n u i t y  of p a r t i c l e  d e n s i t y  ve r sus  s i z e .  However, the 
bulk dens i ty  curve f o r  t he  v e s i c u l a r  p a r t i c l e s  is s l i g h t l y  above t h e  curve f o r  t h e  
nonves icu lar  p a r t i c l e s  in s p i t e  of t h e  h igher  s o l i d  d e n s i t y  of t h e  nonves icu lar  
p a r t i c l e s .  "he most l i k e l y  exp lana t ion  f o r  t h i s  experimental  obse rva t ion  is t h a t  
t h e  wider v a r i e t y  of p a r t i c l e  shapes one f i n d s  in t he  l a r g e r  p a r t i c l e  s ize  mixtures 
permits c l o s e r  packing which more than  compensates f o r  t h e  decreased s o l i d  dens i ty .  

The mean 

aP d P i  



The smaller s ized  p a r t i c l e s ,  being more s p h e r i c a l ,  apparent ly  pack with a higher 
void space,  causing a decrease i n  the  bulk dens i ty .  

Minimum F lu id i za t ion  Velocity.  The minimum f l u i d i z a t i o n  ve loc i ty  was found t o  
depend on the p rope r t i e s  of the s o l i d  and f l u i d  i n  a way t h a t  permits use of the 
dimensionless Ga l i l eo  number, Nm fo r  c o r r e l a t i o n .  
f i t s  the  da ta  was obtained by p l o t t i n g  log (NRe) aga ins t  log (Nm), a s  suggested 
by Wen and Y u . ~  
s t r a i g h t  l i ne  r e s u l t s  for  both narrow and wide p a r t i c l e  s i z e  d i s t r i b u t i o n s  when 
the mean p a r t i c l e  diameter a s  def ined  above i s  used. 

Some o ther  s a l i e n t  f e a t u r e s  of the  c o r r e l a t i o n  presented i n  f igu re  4 a re :  
(1 )  Though s e l f - c o n s i s t e n t ,  our c o r r e l a t i o n  us ing  mean p a r t i c l e  s i z e s  does not 
agree  with t h a t  of Wen and Y u . ~  ( 2 )  For narrow size d i s t r i b u t i o n s ,  as expected, 
i t  does not make much d i f f e rence  whether mean or maximum p a r t i c l e  s i z e  is used; a 
s e l f - cons i s t en t  c o r r e l a t i o n  occurs e i t h e r  way. (3)  For the few poin ts  ava i l ab le  
f o r  broad s i z e  d i s t r i b u t i o n s ,  attempted c o r r e l a t i o n  i s  poor when maximum p a r t i c l e  
s i z e ,  as recommended by Wen and Yu, is used ins tead  of mean p a r t i c l h  s i z e .  

I n  view of the  above th ree  f e a t u r e s ,  i t  is recommended tha t  average p a r t i c l e  
d iameters  be used wi th  our c o r r e l a t i o n  f o r  p red ic t ive  purposes with similar chars .  

In genera l ,  the cha r s  used i n  these  s t u d i e s  r equ i r e  much l a rge r  v e l o c i t i e s  t o  
f l u i d i z e  than p red ic t ed  by re ference  1 .  The d i f f e rence  between the  co r re l a t ions  
is too grea t  to  a t t r i b u t e  t o  inaccurac ies  i n  measuring o s  which i s  the  least  
accu ra t e  term i n  the  G a l i l e o  number. Examination of t he  char particles revea ls  
t he  most l i ke ly  reason for the dev ia t ion  between c o r r e l a t i o n s  is  the configuration 
o r  shape of t he  r e spec t ive  p a r t i c l e s .  A p ic tu re  of some typ ica l  cha r  p a r t i c l e s  in 
f igu re  5 shows t h a t  t h e  "pa r t i c l e s "  c o n s i s t  of a s i z a b l e  f r ac t ion  of agglomerates 
of small  p a r t i c l e s  and t h a t  these  agglomerates can r ead i ly  in t e r lock .  Thus, c o l l i -  
s ions  between p a r t i c l e s  i n  the f l u i d  bed w i l l  f requent ly  r e s u l t  i n  t he  p a r t i c l e s  
ca tch ing  together which r e s u l t s ,  momentarily, i n  an increase  i n  the  e f f e c t i v e  
p a r t i c l e  diameter in  the  bed an? the requirement of add i t iona l  energy to  move the 
combination or t o  unhook the  p a r t i c l e s .  Because t h i s  add i t iona l  energy can only 
be supplied through increased  gas  v e l o c i t y ,  these  p a r t i c l e s  f l u i d i z e  a t  higher 
v e l o c i t i e s  than p a r t i c l e s  having i d e n t i c a l  p rope r t i e s  e rcep t  f o r  less a b i l i t y  t o  
in t e r lock  upon c o l l i s i o n .  In deciding whether to  use the  c o r r e l a t i o n  based on 
these  r e s u l t s  or t h a t  based on more "regular" p a r t i c l e s ,  it would probably be 
s u f f i c i e n t  to examine the  p a r t i c l e s  to  see whether they conta in  shapes t h a t  can 
cause them to  hook toge ther  and thereby r equ i r e  the  use  of higher f lu id i za t ion  
v e l o c i t i e s .  

A c o r r e l a t i o n  t h a t  empirically 

The r e s u l t i n g  c o r r e l a t i o n  i n  shown i n  f igure  4 .  An exce l len t  

A summary of the  f l u i d i z a t i o n  d a t a  in  given i n  t ab le  1 t o  i l l u s t r a t e  the range of  
p a r t i c l e  s i z e s  and bed he ights  used t o  der ive  the  c o r r e l a t i o n  i n  f igu re  4 .  
minimum f l u i d i z a t i o n  v e l o c i t y  was obtained in  the c l a s s i c a l  manner by p lo t t i ng  the  
experimentally measured bed pressure  drop aga ins t  the gas v e l o c i t y ,  and def in ing  
the  ve loc i ty  a t  which AP j u s t  reaches AP = Ws a s  the minimum f l u i d i z a t i o n  ve loc i ty  

A t yp ica l  AP vs u curve  i s  shown i n  f igu re  6a for  a r e l a t i v e l y  narrow p a r t i c l e  s i z e  
range .  

The 
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In  gene ra l ,  f l u i d i z a t i o n  was v i s i b l y  smoother for narrow s i z e  f r ac t ions  of p a r t i c l e s .  
However, wide f r a c t i o n s  of only coa r se r  p a r t i c l e s  a l s o  behaved well .  
i r r e g u l a r  f l u i d i z a t i o n  was experienced with wide s i z e  f r ac t ions  having appreciable 
concent ra t ions  of f i n e  p a r t i c l e s ,  leading t o  behavior i l l u s t r a t e d  in  f igure  bb, 

The most 
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where prec ise  d e f i n i t i o n  of Umf was d i f f i c u l t .  
ga t ion  was noted with the p a r t i c l e  s i z e  range i l l u s t r a t e d  i n  f igu re  6b, but t h i s  
could be overcome by going t o  v e l o c i t i e s  cons iderably  higher than Umf where per- 
formance s t a b i l i z e d  even with the r e l a t i v e l y  high L/D r a t i o  used i n  t h i s  t e s t .  

b s i ~ n  cons idera t ions .  To design a fluid-bed chemical r eac to r ,  i t  is genera l ly  
no t  s u f f i c i e n t  t o  know only Umf because one must opera te  a t  a ve loc i ty  s u f f i c i e n t  
t o  give vigorous mixing and prevent the  segrega t ion  of p a r t i c l e s .  
p a r t i c l e  s i ze  ranges,  i t  was found that a gas  v e l o c i t y  twice t h a t  of Umf was 
s u f f i c i e n t  t o  provide good mixing and t o  prevent segrega t ion .  
above, f o r  the wide p a r t i c l e  size d i s t r i b u t i o n  (100 percent -14 t o  34 percent -325) 
i n  t ab le  1, i t  was necessary t o  opera te  a t  U/Umf>7 before complete mixing was 
achieved. 

Appreciable channelling and segre-  

With the narrow 

However, as  mentioned 

To ca l cu la t e  the  mean s o l i d s  residence time in a f lu id-bed  r eac to r  requi res  knowing 
t h e  amount of bed expansion as a func t ion  of  opera t ing  condi t ions .  The da ta  below 
ind ica t e  tha t  the expansion r a t i o  depends on the  mean p a r t i c l e  s i z e  as  well  a s  
U / U m f .  A summary of experimental  r e s u l t s  is shown in f igu re  7a and 7b where L/L,,,f 
is  p lo t t ed  aga ins t  U/Umf f o r  various p a r t i c l e  s i z e s .  
decreases ,  so does the  bed expansion r a t i o  f o r  a f ixed  U/Umf u n t i l  dp  reaches about 
0.025 i n . ,  below which f u r t h e r  reduct ions  i n  p a r t i c l e  s i z e  do no t  change the expan- 
s ion  behavior. For wide p a r t i c l e  s i z e  ranges,  the  previously defined mean diameter 
determines the  bed expansion as is ind ica ted  i n  f igu re  7b where expansion r a t i o s  
f o r  f l u i d  beds having cha r  p a r t i c l e s  from 14 to325 mesh a r e  p lo t t ed .  
7b,  da t a  a re  shown f o r  narrower p a r t i c l e  s i z e  d i s t r i b u t i o n  tests made w i t h  p a r t i c l e  
diameters below .025 inch .  

A s  the  mean p a r t i c l e  s i z e  

Also i n  f igure  

CONCLUSIONS 

The minimum f l u i d i z a t i o n  ve loc i ty  of coa l  cha r s ,  phys ica l ly  similar t o  those studied 
he re ,  can be predic ted  f o r  var ious  p a r t i c l e  s i z e s  and gas condi t ions  by computing 7 
t h e  Gal i leo  number and f i t t i n g  it t o  the  c o r r e l a t i o n  developed here .  To ge t  the  
Ca l i l eo  number r e q u i r e s  knowledge of mean p a r t i c l e  s i z e ,  p a r t i c l e  dens i ty ,  and gas 
dens i ty  and v i s c o s i t y  a t  condi t ions  f o r  the des i r ed  system. 
t o  both narrow and wide p a r t i c l e  size d i s t r i b u t i o n s  and over a range of "Reynolds 
numbers a t  minimum f l u i d i z a t i o n "  from less than  0 .1  t o  over 100. The minimum 
f l u i d i z a t i o n  ve loc i ty  p red ic t ed  by our experimental  c o r r e l a t i o n  is considerably 
h igher  than one would c a l c u l a t e  from e x i s t i n g  theory and from o the r  co r re l a t ions  
because of small agglomerates i n  the char  which causeentanglement and thus requi re  
an add i t iona l  energy inpu t  t o  e i t h e r  s epa ra t e  them o r  f l u i d i z e  the  more massive 
combination. Cor re l a t ions  are a l s o  presented f o r  f lu id-bed  expansion tha t  ind ica te  
t h a t  the mean p a r t i c l e  s i z e  is the main f a c t o r  i n  determining how bed expansion w i l l  

The c o r r e l a t i o n  appl ies  ' 

1 

r 
vary with gas v e l o c i t y .  / 

NOTATION 

U - s u p e r f i c i a l  gas  v e l o c i t y ,  f t / s e c  

Umf = s u p e r f i c i a l  gas  v e l o c i t y ,  a t  minimum f l u i d i z a t i o n ,  f t / s e c  

op - dens i ty  of  f l u i d  phase,  lb/cu f t  

ps - e f f e c t i v e  dens i ty  of s o l i d  phase, lb/cu f t  

: 

= bulk dens i ty  of bed, l b / cu  f t  

:t 
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dp mean p a r t i c l e  diameter ,  f t  - gas v i s c o s i t y ,  l b l f t - s e c  

Ws = weight of s o l i d  i n  bed, l b  

AT = c r o s s  s e c t i o n a l  area of tube ,  sq f t  

AP = pressure  drop a c r o s s  bed, l b l s q  f t  

L - bed h e i g h t ,  f t  

Lmf = bed h e i g h t  a t  minimum f l u i d i z a t i o n ,  

DT - tube diameter ,  f t  

g = a c c e l e r a t i o n  of g r a v i t y ,  f t / s e c 2  

N a  = G a l i l e o  number = dpPf(ps-pf) gp-2 

d p i  - p a r t i c l e  d iameter ,  f t  

X i  = weight f r a c t i o n  of p a r t i c l e s  having diameter  d p i  ' 

? 

t 

( N R ~ )  = Reynold's number a t  minimum f l u i d i z a t i o n  

1. 

2. 

3 .  

4. 

5. 

6. 
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FIGURE 1.- Cross S e c t i o n  of T y p i c a l  Char P a r t i c l e  
a t  220 Magn i f i ca t ion .  
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FIGURE 6 a . -  Typical Pressure Drop-Velocity Curve, 
Narrow P a r t i c l e  S i z e  Range. 

L- I22 33 



- 74 - 

40 I I 1  I I I I I I I  I I ! I  I I I I I I  
30 - 

*S 
- - - 

g-0.. *Lho--~.+&f*qpp- 
x h % o  20 - 

- 

IO - - - - 
E 6 -  - 
a a 5- 

7 

- 
4 -  

3 -  

- 
Part ic le  size range (100%-14,34”/ , -325)  

Fluidiz ing gas= N, Fluidizing gos=CO, 

increasing velocity o increasing velocity 

- 
- - 

2 -  x decreasing velocity D decreasing velocity - 

I ,  

- -I 

I I I I  I I I I I I I  1 I I .  I I 1 1 1 1  

u,f t/sec 

FIGURE 6 b . -  Typica l  Pressure Drop-Velocity Curve, 
Broad P a r t i c l e  Size Range. 

L-12234 

r 



- 7 5 -  - 



- 76 - 


